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ABSTRACT 


This  paper  discusses  Che  rectification  response 
exhibited  by  low  frequency  bipolar  transistors  when 
microwave  energy  Is  injected.  A circuit  analysis 
model  for  calculating  low  frequency  small  signal 
response  to  microwave  energy  Is  discussed  and  applied 
In  analyzing  the  behavior  of  a 741  op-amp. 


EUITE 

B 


non-unlformlty  of  gain  across  Che  emitter.  In  an 
emitter  follower  circuit  such  as  that  which  appears 
at  the  741  Input,  the  principle  circuit  response  Is 
due  to  the  emitter-base  offset  voltage,-  which  may  be 
calculated  from  knowledge  of  device  material  and 
geometrical  factors. 


Quantitative  theoretical  calculations  ace 
performed  to  relate  the  response  of  a small  NPN 
transistor  similar  to  that  used  in  a 741  op-amp  to 
its  material  and  geometrical  parameters. 

INTRODUCTION 


It  has  been  found  that  spurious  microwave  signals 
may  be  rectified  In  low-medium  F,^  bipolar  transistors 
producing  a shift  In  their  quiescent  operating  (Q) 
point,  and  resultant  circuit  malfunction.  Classic 
examples  of  this  effect  are  pacemaker  malfunction 
near  a microwave  oven  or  electronic  brake  control 
malfunction  near  a high  power  mobile  transmitter. 

For  low  level  microwave  Injection  Into  a device, 
square  law  envelope  detection  occurs  where  a low 
frequency  signal  Is  produced  which  Is  proportional 
to  the  microwave  power  absorbed  In  the  device. 

This  paper  briefly  describes  a model  for 
calculating  the  magnitude  of  an  RF-lnduced  offset 
voltage  at  the  emitter-base  junction  of  a transistor 
In  terms  of  the  absorbed  RF  power  and  device  geo- 
metrical and  material  parameters.  The  model  is  then 
applied  In  analysis  of  the  behavior  of  a 741  op-amp 
and  comparison  Is  made  between  measured  and  experi- 
mental results. 


BASIC  EFFECTS 


An  RFI  test  circuit  for  a transistor  or  IC  Is 

shown  In  Figure  1.^^^  With  this  circuit,  a known 
amount  of  RF/mlcrowave  energy  Is  Injected  Into  the 
device  under  test  and  the  change  in  DC/video  or 
quiescent  operating  conditions  are  observed.  The 
microwave  and  DC  Impedance  or  termination  can  be 
independently  controlled  so  that  the  device  exists 
In  a given  specified  environment  for  both  In  band 
and  microwave  parameters. 

A transistor  mounted  in  a circuit  similar  to 
that  shown  In  Figure  1 exhibits  a change  In  emitter- 
base  voltage  and  In  collector  current  when  microwave 
energy  from  the  source  V Is  applied.  The  behavior 
< of  average  collector  current  Is  dependent  upon  the 

value  of  Thevenln  resistance  R.^^  in  the  base  supply 

circuit.  Small  values  of  R_,  allow  the  collector 

TH 

current  to  Increase  when  power  Is  applied  while  high 
values  which  maintain  a constant  base  current  allow 
a decrease  In  collector  current  when  RF  power  Is 
applied.  The  Increase  In  collector  current  observ- 
able when  a low  base  supply  Thevenln  Impedance  Is 
employed  Is  understandable  In  terms  of  a standard 
one-dimenslonal,  non-linear  model  which  predicts 
an  offset  voltage  at  the  emitter  base  junction  due 
to  the  non-linearity  of  Its  I-V  characteristic. 

The  decrease  In  collector  current  which  Is  generally 
observed  In  circuitry  where  the  Thevenln  Impedance 
la  high  Is  due  additionally  to  AC  crowding  and 
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RF  Rectification  Model 


Measurements  and  calculations  have  shown  that 
rectification  in  a bipolar  transistor  operating  In  a 
linear  active  mode  occurs  principally  at  the  emitter- 
base  Junction.  Further,  as  long  as  the  RF  voltage  (V) 
at  the  junction  Is  not  significantly  greater  than  26  mV, 
the  rectified  offset  voltage  (AV)  follows  a square  law 
relationship  and  Is  proportional  to  the  absorbed  RF 
power.  In  this  mechanism,  (square  law  rectification) 
the  offset  voltage  is  basically  proportional  to  the 
second  derivative  (non-linearity)  of  the  I-V  character- 
istic and  to  the  square  of  the  RF  voltage  (V) . 

The  DC  offset  voltage  AV  at  a PN  junction  due  to 
an  Impressed  RF  voltage  of  rms  value  V is  given  by: 


t 

V * I 

AV  ■ s V 

2Vt  2(.026) 


Volt 


(1) 


where:  V_  • * .026  volt 

T q 

The  emitter-base  junction  may  be  modelled  as  an 
(3  4) 

RC  transmission  line  ’ as  shown  In  Figure  2,  with 

parameters  R and  C determined  by  device  doping  and 
geometrical  factors.  Particularly  important  are  the 
emitter-base  junction  capacitance  per  unit  area 
(C,,/A^)  and  the  base  sheet  resistivity  (Rg)  which  Is 

determined  by  the  resistivity  (PB)  of  the  base  region 
and  the  base  width  (Ug) . The  emitter  perimeter  (Pg)  Is 

also  important.  For  combinations  of  the  above  para- 
meters and  frequency  (u)  such  that  there  is  AC  crowd- 
ing (a  condition  which  Is  met  In  a 741  Input  transistor 
at  1 GHz) , the  Input  impedance  of  the  transmission  line 
representing  the  junction  Is  given  by: 

Z,  . • "i  • -4-1  W*""! 

< V Iw*  V l«  e*  »*t* 

1 - *’e 

where:  R - R.  C - C j—  (2) 

s Pj  n Aj, 

For  the  small  Input  transistor  at  the  input  of  a 
741  we  use  the  parameter  values: 

Rg  ■ 4 X 1C?  ohms/square  “ P6/W6 
Cg  - 3 X 10" >2  farad 
Ag  - 1.92  X 10~5  cm^ 

2 

Pg  - 1.77  X 10"  cm 
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with  thes*  nuabars  the  Junction  Input  Inpadance 
at  1 GHz  la  calculated  aa  Zj  - 154 

Heslectlng  RF  power  loasaa  at  all  polnta  In  tha 
device  except  at  the  emltter-baae  Junction,  the  RMS 
RF  Junction  voltage  for  a given  absorbed  power 
la: 

I where  Rj  - R«  Zj 


perlawter  at  a fixed  frequency  of  300  MHz  la  calculatad, 
and  zMasured  values  of  the  offset  voltage  par  unit 
absorbed  power  at  300  MHz  on  several  devices  have  bean 
added  for  comparison.  Clearly,  small  devices  are  more 
susceptible  to  rectification  effects  since  they  tend 
to  have  a higher  Junction  Impedance  for  a given  sat 
of  doping  and  current  density  conditions.  With  current 
photoresist-based  technology,  the  minimum  line  width 
of  2-3  micrometers  Mans  that  an  emitter  .perlMter  of 
about  10  mlcroMters  Is  feasible  In  an  IC  dsvlce. 
Therefore,  future  RFI  sensitivity  will  probably  becoM 
significantly  greater  than  It  Is  nJw,  even  before  the 
occurrence  of  any  major  changes  in  technology  other 
than  the  greater  use  of  Ion  Implanatlon  which  allows 
the  realization  of  small  line  widths  In  practical 
circuits. 
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Combining  this  with  (1)  and  (2)  we  obtain: 
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Typically,  for  small  transistors  such  as  are  used  In 
a 741,  4V/P^  Is  several  kilovolts  per  absorbed  watt 

of  microwave  power  Indicating  that  microwatt  levels 
of  RF  are  sufficient  to  cause  millivolt  levels  of 
RFI. 


The  rectified  voltage  AV  appears  In  series  with 
the  base  lead  and  a fraction  (X)  of  emitter  area 
(Figure  3)  or  total  emitter  current  assuming  uniform 
current  density,  given  by: 


•v 

* • V — - — 

*•  * vfRH 


(5) 


The  fraction  X of  area  Is  the  equivalent  region 
around  the  emitter  perimeter  exlcted  by  RF  which 
decreases  exponentially  with  distance  toward  the 
center,  divided  by  the  total  emitter  area.  The 
collector  current  reduction  observed  In  cozmran- 
emltter  circuits  with  high  base  circuit  impedance 
occurs  because  the  voltage  AV  Increases  the  emitter 
edge  bias  and  decreases  the  bias  at  the  central 
portion  of  the  emitter,  thus  redistributing  the 
emitter  bias  current  density  toward  the  edge.  The 
current  gain  at  the  emitter  edge  (Bg)  Is  lower  than 

at  the  center  (Be)  because  of  fringing  effects  and 
surface  recombination  at  Che  S1:S102  Interface;  so 

for  a constant  base  current,  the  collector  current 
decreases  when  AV  Is  present.  The  redistribution 
together  with  gain  variation  acrosa  the  emitter  Is 
thus  responsible  for  rectification  effects  which  have 

been  reported  earlier Depending  upon  the  circuit 
application,  either  Che  current  reduction  effect  or 
the  voltage  offset  effect  may  be  sure  Important. 

RFI  Sensltlvltv  and  Device  Size 

Equation  (4)  yields  the  rectified  offset  Inter- 
ference voltage  AV  at  Che  emitter-base  Junction  of 
a transistor  per  unit  absorbed  RF  power.  In  terms 
of  device  material  and  geometrical  factors.  It  Is 
particularly  Interesting  to  note  the  Inverse  relstlon- 
shlp  between  sensitivity  Co  rectification  RFI,  as 
evidenced  by  a high  value  of  AV/P;^,  and  the  emitter 
perimeter  P^. 

Choslng  typical  values  of  doping  and  base  width, 
the  line  shown  In  Figure  (4)  for  AV/P^  vs  emitter 


741  Op-Amp  Behavior  In  the  Presence  of  Rectlflcstlon 
RFI 


For  measurement  purposes,  Op-aiiq>s  have  bee.! 

tested In  circuitry  similar  to  that  shown  In 
Figure  1.  A known  amount  of  RF  power  can  be  Injected 
Into  any  of  the  device  terminals  and  the  resultant 
change  In  DC  or  video  voltages  Is  observed.  The 
output  voltage  (Vg)  typically  varies  In  a Mnner 
similar  to  that  shown  in  Figure  5 as  the  absorbed 
RF  power  Is  Increased.  Vg  shows  variation  whether  the 
RF  Is  Injected  at  one  of  the  Inputs,  an  offset  port 
or  even  the  output  port.  Certain  ports  such  as  the 
Input  or  bias  offset  ports  generally  tend  to  be  more 
sensitive.  The  response  shows  symmetry  which  Is 
related  to  device  symmetry.  For  example,  the  response 
with  RF  power  Ipjected  into  the  Inverting  Input  Is 
opposite  and  nearly  equal  In  magnitude  to  the  response 
with  an  equal  amount  of  power  Injected  Into  the  non- 
Invertlng  Input.  This  response  symmetry  Is  useful  In 
(8) 

RFI  cancellation  efforts' 

As  shown  In  the  data  of  Figure  5,  the  change  In 
output  voltage  Vg  is  proportional  to  absorbed  power 
(Figure  5 Is  semi  log)  for  low  power  levels.  At 
higher  levels  the  proportionality  breaks  down  with 
the  output  voltage  changing  In  more  or  less  random 
fashion,  due  to  large  signal  or  saturation  effects. 

The  analytical  portion  of  this  paper  Is  limited  to 
the  low  level  regime  as  Indicated  by  the  calculation 
line  In  Figure  5.  At  low  levels,  the  square  law 
rectification  model  can  be  expected  to  hold  and 
quantitative  741  response  estlnuites  can  be  made. 

Interference  Circuit  Analysis 

In  order  to  analyze  the  type  of  data  shown  In 
Figure  5,  the  RF  Interaction  model  described  earlier 
was  employed  in  741  circuitry  and  subjected  to  circuit 
analysis. 

While  a 741  circuit  as  shown  In  Figure  6 could 
have  been  analyzed  directly  using  large  circuit 
analysis  programs,  the  circuit  was  simplified  to  that 
shown  In  Figure  7 for  analysis.  The  simplified  topo- 
logy retains  the  structure  of  the  Input  circuitry 
however,  which  Is  desirable  if  one  Is  testing  the 
correctness  of  an  RF  Interaction  isodnl  on  a microscopic 
level.  For  general  RFI  circuit  analysis,  one  My  pre- 
fer to  use  a Mcromodel^^^  which  is  perhaps  somewhat 
easier  to  ImpleMnt. 

The  overall  circuit  gain  of  230K  for  thla  device 
was  arrived  at  by  choosing  the  stages  of  Figure  7 to 
have  voltage  gains  of  239,  962  and  -*-1  respectively  to 
approxlMte  those  of  the  real  design. 
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Using  the  suiterial  an<l  (loping  paraaeters  given 
for  small  NPN  741  Input  transistors,  the  1 GHz 
RFl  model  parameters  are: 

^ ” 3.1  X 10^  volt/watt 


X - 0.33* 


with  Bg,  - 90  , B. 


The  RFI  model  was  then  subatltuted  Into  the  circuit 
of  Figure  7 which  was  Imbedded  In  a lOX  resistive 
network  of  Figure  S.  RFI  at  different  locations 
In  the  model  was  simulated  by  activating  the  source 
AV  In  any  of  the  transistors  Qj^  Qj  or  and 

calculating  the  reaults  with  the  network  analysis 
program  NET-2. 


A very  simple  analysis  of  RF  effects  may  be 
conducted  assuming  that  AV  acta  In  series  with  the 
input  traiwistor  at  the  Inverting  Input.  It  may 
be  noted  that  If  X • 1.0  in  the  model,  exactly 
this  condition  results  where  AV  Is  equivalent  to  an 
effective  offset  voltage  (V^^)  referred  to  the  Input 

as  shown  In  Figure  8 and: 


AVq  - -AV  [1  + Rp/Ril  - - 11  AV 


This  calculation  should  form  an  estimate  of  the 
circuit  response  for  the  cases  analyzed  with  the 
RFI  In  the  input  and  bias  offset  transistors. 
NET-2  calculations  showed  that: 

AV  - + 8.85  AV  RF  0 1 or  NI  ports 
Q2  or 


8 measured  for  devices  Is  less  than  that  predicted 
for  the  741  AV  calculation.  This  may  be  due  to 
slightly  Inaccurate  estimates  of  device  material 
parameters  but  Is  probably  due  mostly  to  RF  being 
absorbed  In  regions  of  the  IC  where  rectification 
either  does  not  occur  or  is  not  Important.  Figure 
8 shows  measured  small  signal  offset  voltages  at 
different  frequencies.*  The  roll-off  of  RFI  sensiti- 
vity with  frequency  Is  considerably  more  rapid  than 
predicted  by  the  analytical  Interaction  model  which 
neglects  power  loes  at  any  point  except  the  emitter- 
baae  junction.  Other  calculatlona  show  that  absorp- 
tion In  the  base-collector  overlap  region  outside 
the  active  emitter  should  become  Important  at  about 
1.5  GHz. 

OTHER  EFFECTS 

In  RFI  measurement  on  741  IC's^^^  It  was  found 
that  at  some  frequencies  the  devices  were  susceptible 

to  RF  power  Injected  on  the  output^^^  terminal  as 
they  were  to  RF  power  Injected  at  the  Input  or  bias 
offset  ports.  In  retrospect  at  least,  this  la  not 
surprising.  A feedback  path  from  Qjj  (which  according 

to  the  behavior  outlined  Initially  should  turn  on 
harder  In  the  presence  of  RFI  since  Rj^q  Is  small) 

exists  through  the  current  mirror  An 

Increase  In  collector  current  Q2J  pulls  the  base 
voltage  of  down  increasing  Che  collector  voltage 
of  thus  driving  the  output  voltage  (Qj^j  4 Q23 
emitters)  more  positive,  as  was  observed  In  measure- 


That  such  effects  can  occur  Is  lsq>ortaot  to  keep 
In  mind  since  one  might  be  tempted,  because  of  space 
or  other  requlreownts,  to  use  less  shielding  or 
bypassing  at  the  output  of  a circuit  than  at  the 
Input. 


AVg  - * 11.48  AV  RF  at  Bias  offset  ports 
Q5  or 

Apparently,  because  of  circuit  Interaction 
between  Qj  and  Q^,  the  circuit  la  slightly  more 

susceptible  to  RFI  at  the  bias  offset  porta  than 
predicted  by  the  single  placement  of  AV  at  the 
Input.  Why  this  is  so  Is  not  limsedlately  obvious. 

Difficulty  In  Interpreting  results  from  RFI 
measurements  on  Integrated  circuits  often  occurs 
because  of  the  complicated  paths  the  RF  energy  nay 
take  when  It  enters  the  chip.  RF  energy  Injected 
Into  the  Inverting  Input  translator  In  Flgura  6 
may  be  partially  absorbed  In  Qg  or  as  well  as 

q^.  Some  RF  luy  even  be  absorbed  In  another 

transistor  on  the  chip  which  has  a metallzatlon 
path  that  runs  near  that  of  Qg  for  example. 

Fortunately  these  effects  are  not  always  severe 
since  RFI  effects  often  cancel  by  common  mode 
rejection  In  the  circuit  for  example  In  or  Qg 

or  Qg,  but  they  make  analysis  difficult. 

Comparison  of  Measurements  and  Calculation 


Microwave  rectification  effects  In  bipolar 
transistors  have  been  discussed  quantitatively  and 
a rectification  model  has  been  applied  In  analyais 
of  RFI  data  on  741  operational  amplifiers.  Cslculs- 
tlons  of  device  behavior  from  1 GHz  RF  are  In  basic 
agreement  with  measurements,  although  at  higher 
frequencies  the  devices  are  progressively  less 
susceptible  than  Indicated  by  the  calculations,  which 
neglect  RF  sbsorptlon  In  parasitic  region  of  the 
device. 

The  RF  Interaction  model  shews  that  for  a given 
aet  of  material  paraiseters,  the  susceptibility  of 
a device  varies  Inversely  with  Its  size.  Small,  high 
speed  devices  show  1 GHz  rectification  sensitivity 
factors  of  about  3 X 10^  V/W  indicating  that  microwatt 
levels  of  spurious  RF  energy  are  sufficient  to  cause 
millivolt  levels  of  RFI. 
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Figure  2 Profile  of  Bipolar  Transistor  and  RC  Trans- 
mission Line  Equivalent  Circuit  for  Calculation 
of  Microwave  Voltage  Distribution 
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Figure  U Microwave  Rectification  Response  Test  Set-Up  Figure  3 Rectification  Response  Equivalent  Circuit  for 
for  a Transistor  Bipolar  Transistor  Circuit  Analysis 


Figure  1 B Rectification  Response  Showing  Change  In 
Average  Collector  Current  and  Imltter  Bass 
Voltsge  Dus  to  Absorbed  Mlerowsvs  Power. 
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